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1. INTRODUCTION

This workshop represents the farst of a swries of intenive scodemwt-
government interactions in the field of advanced e4ectro-opus. ah Parn ot the
Army sponsored University Research initiative Iy documenting the
associated technology status and dialogue it s hoped that ths baslne will
serve all interested parties towards prov.dng a solutton to high Pi.rsol Army
requirements. Responsible for program nd pogram e~tacvon ate
Dr. Nicholas George, University of Rochester (ARO uRi) and ( Ruvd Bw,'i.
NVEOC.
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2. SUMMARY AND FOLLOW-UP ACTIONS

Dr. Buser opened up the meeting with initial remarks on the true driving
force of NVEOC tech base mission. It consists in introducing new technology
in the military arena to address areas of deficiencies in Army programs. This
introduction included the use of phase conjugation for solving problems in
laser development for military application. Dr. Buser also stressed the point
(has he did many times during the meeting) that the technology being
developed must consider the requirements necessary for fieldable laser
systems.

The first presentation was on the use of stimulated Brillouin scattering for 6solid state lasers presented by Richard Utano of NVEOC. It highlighted the . I

past work done at Night Vision in this field, namely phase conjugation and its
importance to solid state laser development; and some technical issues that
still need to be resolved. Issues such as competing nonlinear processes and
energy scaling were of utmost importance to the Army.

The next presenter was Dr. Ed Sharp and he described the effort NVEOC is
planning in photorefractive materials. This work on characterizing materials
and determination of necessary laser parameters for filters and other
applications, generated much interest with the Rochester personnel,
especially Dr. Sharp's work with the tungsten bronze crystals.

To complete discussion of NVEOC interest in phase conjugation, Dr. Lynn
Garn presented phase conjugation potential for neural networks for
automatic target recognition. Though the properties of optical phase
conjugation are not exercised, there are similar techniques being employed
for this optical computing process. This discussion was centered on NVEOC's
view of the status of the technology, and its potential versus conventional
electronic techniques.

Dr. Boyd then gave an overview of the Institute of Optics work in phase
conjugation. He discussed work on single pass aberration correction,
coherence issues of phase conjugated light, Brillouin enhanced four-wave-
mixing and vector phase conjugation. The vector phase conjugation via
stimulated Rayleigh wing scattering or other possible methods, generated
interest by NVEOC personnel. Such a process could counter birefringence
problems associated with high average power lasers.

Ken MacDonald, Post Doc, then presented work on laser beam combining in
atomic vapors. Both probe beam amplification and beam combining
experiments were discussed. To date, 25% energy transfer was obtained in
Na vapor which is promising but the criteria for such effects are very
frequency dependent.

These presentations were then followed by discussion on the many
techniques each facility was experimentit g on. Areas of overlap were
discussed and ideas for potential collaboration were identified. The outcome
implies that there are several areas where mutual interest exists: In the
photorefractive field of phase conjugation, which is still undergoing vast
amounts of basic research, the overlap and interest of the University is 0
evident. In the field of stimulated scattering, the issues of concern are not
necessarily fundamental, and overlap less directly with the University's goals.
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On the basis of this workshop, the following ideas for continued interaction
have been developed"

a. Photorefractive Nonlinear Optics

It would be interesting to perform additional measurements to establish that
self-pumped phase conjugation in the tungsten bronzes is inherently more
stable than in barium titanate, with roughly equivalent optical properties
leading to PCM's with very different stability characteristics.

Also, it would be important to perform measurements to establish to what
extent incoherent light (spatially and/or temporarily) can be used to excite
nonlinear optical processes in these materials.

NVEOC could help to get started in these areas by helping to obtain
photorefractive tungsten bronze crystals.

b. Laser Beam Combining

The University will try to establish the appropriate scaling laws for laser beam
combining in atomic vapors, and from these scaling laws attempt to establish
(through discussion with NVEOC personnel) applications in the field of laser
development.

c. Vector Phase Conjugation

Vector phase conjugation appears to be a promising technique for removing
the effects of thermally induced radial birefringence from laser rods
Through discussions with NVEOC personnel and through laboratory
measurements, the University will determine whether vector phase
conjugation has implications to the NVEOC laser program.
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Phase Conjugation with Aberrated Pump Waves

F" 66S
CIP I

MM-I

CS2 9"I.

PC signa

with o aberat.

w. .S ... ..



Phase Conjugate Oscillator

Brillouin Enhanced Four Wave Mixing
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Phase Conjugation by Stimulated
Rayleigh-Wing Scattering

* Provides complete vector phase conjugation

* Fast response time allows conjugation of picosecond
pulses

Rayleigh-wing scattering:

Scattering from non-uniformly oriented anisotropic
molecules.

G)Iaser '

Cstokesg9

Questions:
How does the SRWS treat circularly polarized light?

Elliptically polarized light? Randomly depolarized
light?

Competing effects: stimulated Brillouin scattering,
stimulated Raman scattering, self focusing, self-
phase modulation.
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Vector Phase Conjugation by DFWM

E, nonlinear medium E2

ES * Ec

* .* -iksz
c =r esAse

polarization conjugation wavefront conjugation

Two-photon resonant enhancement:

- ns

EE(Grynberg,1984)

- - -3s

0 Observed vector phase conjugation for weak
pump intensities (Irl ~10)

* Observed degradation of the fidelity of phase
conjugation for strong pump intensities (Irl 2 ~10 2)

Next:
* Study effects of geometries
* Need to understand saturation effects in

two-photon resonant systems



Single-pass Aberration Correction

unabrrted Image
of objec

from point aborrated image50

E3014  E2 plane-wave

from extended aberrated imageo
object of pt. source

PN= E1E2E3*

4)=phase distortion introduced by aberrator

*Thin phase distorter
,@Coherent imaging (Goodman, 1966)

Ur

,ginat object aberrated image unaberrated image
of object recovered by

phase conjugation

p.~~ - --. -
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Instabilities and Chaos in

Phase Conjugation

Observed chaotic behavior in a
barium titanate,
internally self-pumped PCM.

theory 0.35 ex'perim'ent

O , , , 0 , ,

CL 0 16 0 30
time, t/T1  time (sc)

* Instability due to coupling between all
four nonlinear refractive-index gratings.

* System evolves temporally on a strange
attractor characterized by a •
correlation dimension v = 1.3
and an
order-2 Renyi entropy K2 = 7.2 bits/sec.

Phys. Rev. Lett., 58, 1640 (1987)
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Temporal Instabilities of
Counterpropagating Light Fields

Ef - Nonlinear 4AAA
Kerr

Medium - f

- simple interaction can exhibit complex behavior
- output polarization and intensity can fluctuate

periodically or chaotically in time

low intensity medium intensity high intensity

'V

0.•
I I____ I__JIw o(stable) (periodic) (chaotic)

instabiltity threshold is lower when tensor nature of
the interaction is treated(Gaeta et al., Phys. Rev. Lett. 1987))

limitation on performance of phase conjugation via
FWM

(strong) Nonlinear (strong)
Ef Kerr Eb

Medium

rc (weak)

I'_



What is the difference between superfluorescence,

and amplified spontaneous emission?

* Study the emission of KCI: 02 as a function of temperature.

SF ASE spontaneous emission

0 10 20 30 T (K)

()TuIOK (d) Tn23 K

(b) Twt6K (e) T=26K
V

(C) T=19K ()Tw27K

0 Iien)S
time (ns) time (ns)

Malcuit, M aki, Simkin, and Boyd, Phys. Rev.Lett. (1987)
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LASER BEAM COMBINING

THROUGH THE

NONLINEAR RESPONSE

OF A

STRONGLY DRIVEN ATOMIC TRANSITION

sodium

vapor

1. Weak-probe-wave Amplification

M. T. Gruneisen, K. R MacDonald, and R. W. Boyd

11. Coupling of Two intense Beams

A. L. Gaeta, M. T. Gruneisen, K. R MacDonald, and R. W. Boyd

The kIstitute of Op~Ics
University of Rochesterb



INDUCED GAIN AND MODIFIED ABSORPTION

OFA WEAK PROBE BEAM

IN A STRONGLY DRI VEN SODIUM VAPOR

* system of two-level atoms
* probe-wave amplification
* 38-fold increase in probe intensity measured
* atomic motion, collisional dephasing

M. T. Grunelsen. K R. MacDonald, and R. W. Boyd, to be publishe in
J. Opt. Soc. Am. 8, January, 1988.
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ORIGIN OF SPECTRAL FEATURES:
THE A C STARK EFFECT
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SOLUTION TO DENSITY MATRIX EQUATIONS

* Twoev atom
• Pump field treted correctly to all orders
" Probe field treted to only firt order

Probe-Wave Absomtion Coefficent:

a()aa = - p. d Im[(8 + i/Tl)(8 'A + irr2 )(A ' irT2) L' n28/2]
~WU (A - i/T2 )D (8)

D(B) = (8 + i/T,)(8 + A + iIT2)(8 - A + i/T2) '?18 + i/T 2)

Steady-State Population Inversion:

~~2 (l 2 )(Pbb _P., )

(Pbb p NOc I + A2 T2 + 2T

probe-pump detuning am3 - c,

dipole dephasing time T2

population relaxation time T1

pump-resonance detuning A w w -cOa

on-resonance Rabi frequency a. bI)1E1

B. FL Mollow, Phys. Rev. A 5, 2217 (1972)

FL W. Boyd, M. G. Raymer, P. Narum, and D. J. Harler, Phys. Rev. A 24, (1981)
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INDUCED GAIN AND MODIFIED ABSORPTION
OFA WEAK PROBE WAVE

.C)1 +fl' €lD

I

m - -A

(AO1  C)OG 1  (03 I :

W3*
- - - "" Reoame

Three-Photon Nearly Degenerate AC Stark-Shifted
Effect Coupling Resonance

'.T

,~now

probe-pump detuning 6

"I(_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



PROBE TRANSMISSION SPECTRUM:
COLLECTION OF STATIONAR YATOMS

CL

0 t
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EFFECTS OF ATOMIC MOTION
ON SINGLE-ATOM RESPONSE

C#ba

C0J

* In general, both A Ca, - ca), and 6. ca). - ca, are velocity dependent. .

" Doppler shift in A introduces velocity dependence in f'.

* For copropagating waves, there is no Doppler shift in 6 A) - (),.

General Expression for Amplitude Absorotion Coyfficient:

3/ -JJJti3q s(wl+ 'k3 *v, we k1 .vw) 'M( 2 3T~

2*V.BT

'N

,9 _



PROBE TRANSMISSION SPECTRUM
WITH DOPPLER BROADENING

'II I

I2E

,, I I I I/i v.26%AI
9f

0 I ,

probe-pump detuning

e Three-photon resonance is broadened to Doppler width. "

0 Three-photon resonance peak is *pulled"a towards pump frequency. .

0 For nearly copropgating waves, the nearly degenerate lineshape
remains narrow and increases in amplitude. ,

b.)

a,"



EXPERIMENTAL CONFIGURATION

probechopper

c w dy lase

_________ ##p u m p'_____________

a ND
rI

I ,9

____ ___ _ 36 cII-

0I
nI

n I

det - - - vapor m- m m -mm - - -
cellm

amplifier]



SODIUM VAPOR CELL

sapphire

stainless steel

cell bod



TRANSMISSION SPECTRA WITH DOPPLER BROADENING

I I
Theory

1

E .

0

-. 5 0 7.5

c Experiment

01
.705 0 t t7.5

probe-pump detuning (GHz)

7)
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EFFECTS OF PUMP-LASER DETUNING

TP

C

E 0

131

0

-11 0 7
probe detuning from resonance (GHz)

* Raman scattering from ground state hyperfine levels observed.

* Amplitude and location of three-photon peak vary with A.

* sign of am,~ and Wl depend on sign of A.



EFFECTS OF COLUiSIONAL DEPHASING

0
C ~I Torr

E~ o

160.4 Torr

E

0

0

-7.5 0 tt 7.5

probe-pump detuning (GHz)

*Three-photon resonance diminishes rapidly with increased
collisional dephasing.

* Amplitude of nearly degenerate resonance can be enhanced
by collisional dephasing.



GAIN VS BUFFER GAS PRESSURE

-4.0 M' 1.4
nearly degenerate gain

09 204

* Sigetolvlao hoycnb sdt eciefntoa
deedne



WIDTH OF NEARLY DEGENERATE RESONANCE
VS

BUFFER GAS PRESSURE

60

;40

Uc
20

20

0 30 60 90 120

buffer gas pressure (Torr)

0 OAt zero pressure, width is broadened to 30 MHz by atomic motion.

* 0 width is broadened additionally by collisional dephasing.
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LASER BEAM COMBINING

IN SODIUM VAPOR

sodium
vapor

* Two-level atom

* propagation effects, atomic motion

* Limited coupling efficiency via three-photon effect

* High efficiency coupling at nearly degenerate feature

. . . -- I I I . I II I. I I -



CONTINUED FRACTION SOLUTION
TO OPTICAL BLOCH EQUATIONS*

Strong field absorption coefficient:

ac Dlo - (Re(K) - (60 + y)T W(K)11 1)

where

00

I +DlU + 12 ) -21112Re{Ko LF)

and

with

S+ -+N1 2 -iyT,- L 2

1+ M 2 11 +N 2 12 - J2 yT + K231 c L4 1

1+ J(11 + N31 i 3yT

A. L Gaeta. unpublished

L W. Hillman. J. Krinskl. K. Koch, and C. FL Stroud. J. Opt. Soc. Am B 2,211 (1985)

G. S. Agarwal and N. Nayak, J. Opt. Soc. Am. B 1. 164 (1984) -1
.... . 1 ' I I ".,9



INTENSE FIELD ABSORPTION SPECTRUM
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TRANSMISSION SPECTRUM
WITH PROPAGATION EFFECTS

too

16T~t X -.100

(0)+e1,(0) '2-
L4I

00

3(_yT 1 L)(-- -- )T1

1066
¥T 1 (C02- ctl)TI

* Define coupling efficiency: 0 S 1(zSu)(0 ) 1 .p.) "

* Nearly degenerate feature provides most efficient coupling.
* Three-photon coupling is limited by:

1. propagation - O' changes due to depletion.

2. excitation - scattering process requires two pump photons.



EFFECTS OF DOPPLER BROADENING

0 Neglect propagation effects

Ir2 aTTV a.TjJ: ~ 2

nIzat

a 2(y) L

eC12(j)'L
log5

3v5

YTI W2 &'5..
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NEARLY DEGENERATE COUPLING
EFFECTS OF COLLISIONAL DEPHASING

11, T tj4 S

TI/T : *go

I~zzL)
11(0)+*12(0)

p t

0O's

0 2XIOV

a0DL

* At low %~L, choose TjT1 < 2.0

O At high C0L, choose T2fl, 1 2.0

0



NEARLY DEGENERATE COUPLING
EFFECTS OF DETUNING

12(2 =L)to

11(O) 12I(O)

$10F

a0L

0 For low aoL, tune near resonance.

* For large a0l., tune away from resonance to avoid absorption losses.

* Choose A. (1/2 to optimize coupling.

W-0



NEARLY DEGENERATE COUPLING
EFFECTS OF LASER INTENSITY

.1020

12(Z a 1)

0 0

* High coupling efficiency requires: T/T, .2.0

~l.> 105

(11T,> 10
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SUMMARY

Part I: Drobe beam amplification

L Observed probe wave amplification in a strongly driven atomic vapor
A. Three-photon effect

1. measured large amplification: G a 38
2. gain diminishes rapidly with collisional dephasing

B. Nearly Degenerate Coupling
1. memmued anplification of G a 4 at P ,, 10 Torr
2. feture i °robMt" in presence of collisional dephasing

II. Theoretical mdib g

A. Stationary taIevel atom theory accurately models gain
dependence en buffer gas pressure

B. Numerical avrage over a Maxwell velocity distribution
accounts for effects of atomic motion

Part II: beam combininq

1. Treated analytically by continued fractions
A. Three-photon effect

1. diminishes with Doppler broadening
2. propagation effects reduce coupling efficiency
3. coupling efficiency is inherenty limited

B. Nearly degenerate resonance
1. insensitive to Doppler broadening (copropagating waves)
2. large coupling efficiencies are possible

II. Experimental results

A. 2 energy transfer measured to date
1. intensity limited
2. experiment in progress

*~.*% '
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I NTERFERING
COHERENT BEAMS

c~ PHOTOREFRACTIVE
MEDIUM

PHOTO- EXCITED
CARRIERS

INTENSITY PATTERN (a)
X

~ ~' CHARGE TRANSPORT
A xX (DIFFUSION) (b

v5

+ ++
++ , ++ SPACE CHARGE

I, ~~ DISTRIBUTION(c

ESPACE CHARGE FIELD(d0
vx VE p

INDEX GRATING

An X n - r

I. pw 'l%~~~* ~~ P ~ v ~;.P/



CDI-- uL.J.
cca CD

COI) CO

C. C.L <L~
co =& C

Lu

0 L LU 61 L.

0~ 00
LLJ~~ CD =. L

I- J

U>. = - - LU Lu

a-1
C4 = LU.

LU LuLU c

= LLU Z0 =C

LUJ

I- LU-

LUU
LL L

S,



LLI

U))

CL 0

%CL%

RdI

crA

cr- cr

cr~ w U.
0 Nu

> <

_j 
<9

<(/ <Ir

ZI

0S

CLV

LV



MI .ip K S -

0 JR

LL j

-- -

ZCD

</1



KAM

.01.



Cll

04

Qc

C'Jl
10

- eC\

Iw
-

Witm

ci)

00,
<pZ, m z



C/)L

x



a. wo

n 00
z0

0

woofw
C) -Jo 00

z 0IJ0

LOO

NOISSIYSNV ~ C



to 1 " " 0 0 ,-.

• IC NN I NI 0 CO 0 i
t-. :P qw 0 -11 oIII I II I Is -1i A.

U)It

o mO' 0l in

tC 0c 0 0
W: 11 111 111 II 0 It) 0 .

E- -M

1-41-

r- E- 00

z .%

[ I II I I I ) II I I e I

0 0-4 u. I

E"
Z E 0e- .. :_ .,

0 -4 1 C.4 0 -4 i

o ~ o .~ -~ E-



IQ N M N

I~cl N N NN N

IC 3

0 10

Ui C.0 C!L
0D 0

030

941

C3 41 4)

C14

I~~t I C 0

N

I w N

iLI

IC ".4
00

IV C.4 N .

1-~.~ .1 o1I4W c

3 ch

I Ir u I
ad I~ C,

N CC r- 41 '4

0 1 V. LO OL

I W- -4



NN

AL z
a: w

0

Civ

wxw

cr.

w
C/)



INC
emL

La=

=A

CL/
I-L

*11

ON A

'KAN~



IF'

U))

m wd

U)

w

-J

CfS



-jS

Cf0



wu

6LU

p -

< LL.

20

0-
LL'

I--'.

=1J

1110



0~

CD*

t;.

co

iiI Vsil



LL -

L: E3~ El 01-o
z t
Q -- r
I-. -U-

0 INIUIS3NI 3A
Z" aiiGl3N SaiiM wu

cam

z Ic

,, , I, Ii r

zN

CL..

ccN



49~ 3 ow

I-- ci N

OUc I
ci. cc ~ I

E ca
z,

C 2.- ~CIOiMcMA

caNICU= so=

"0 5I.

M E 

-



AC, C6 2

I.c- CO o
LLJz a-
LU,

- D CO
Cccz 0

m z
Cui

LLI
__on 0 W wno=

I.E-r C=ccD
0 LJ U

a. zDC
-L ccla

w# >: 1E

F 0 -: V

2c AsC. C

z U w
ui W
Cr 0 I-

0 uj 
",.

cw
"-ON



C.)0

C00

0 ci

LUC D

LUU

a UU

0 0 0



4A0

IAS



IN=

z a
I.LI 0a

C CA
0 0U

z CO

I I C.

ILL

CO

v4 viU



CA6

V

C-,

~L

MCC w

oc

I



06

ols

LLU

LU I

'4%%



xx-.w~a . . 4 a .mx.

CA)

C0

C-,O

1.1. 0

C40

CLM -

0 1

LU I

LUz
amI w 0

m.. J wL

wL 0

* a
0'



LAM
LL
LUJ

ml CO
z
0

__LII 0
__ = L~C=

z 0z
0 0

LUz CD 0 _

cma 0 Z cca

2c F LL W

LUS z
w m0

00

0 0

w9



CO
w

CO,

ClD
w c
0L I

C w a:S
I.L 0 i

a.. -E Li

_ wr

0 z mi9-0 C.)
< 0.)

Z <

Cl) -i Z:o CO) a. LL),

ww ww



ac,

C--

w -

ac 1w.
ccA

- S

cc

ILI-

< ...

on-

*Ear-,
C) - C.,.



- S-

*m L

C,,/ n
U.'. U.

lm 0

*a 0am

00

cI,

cc ui u



~Amo

u

w L
Z6IrnIr

~Th! ro

'0

K)' Vus

I S CO

_____________

owS



5. LIST OF ATTENDEES

ELeCtro-OptiC Workshop S

22 March 1.98

Dr. Rohde CflVE0

L.N. Durraslia CNVEO

Robert Boyd oniv of Roch S

suzeah Chandra CNVEO

John Pollard CNVZO

ark orteon CNVEO

James Habervat CVVEO

Tom Stone univ of Roch

Ken MacDonald Univ of Poch

ticholas Oeorge Univ of Roch 17

Rich Utafo CNVEO

Wayne NovIs CrV3o

Dr. Buser CIVEO

Susan St. cyr Polaroid

'%



N

i2

PILD
jb,91~z

'U

~a.p.

I y~f~f~
I

4- -

-a-.. . .;'. ~ a- a - - - - - - w
a, U~ ~ .:/ ~ U. U U U.

~


